Sialic acids have been discovered in the extracellular polymeric substances (EPS) of seawater-adapted aerobic granular sludge (AGS). Sialic acids are a group of monosaccharides with a nine-carbon backbone, commonly found in mammalian cells and pathogenic bacteria, and frequently described to protect EPS molecules and cells from attack by proteases or glycosidases. In order to further understand the role of these compounds in AGS, lectin staining, genome analysis of the dominant bacterial species, and shielding tests were done. Fluorescence lectin bar-coding (FLBC) analysis showed an overlap with protein staining, indicating presence of sialoglycoproteins in the EPS matrix. Genome analysis gives a positive indication for putative production of sialic acids by the dominant bacteria Candidatus Accumulibacter. FT-IR analysis shows upon selective removal of sialic acids a decrease in carbohydrates, extension of the protein side chain, and exposure of penultimate sugars. Enzymatic removal of sialic acids results in the removal of galactose residues from the EPS upon subsequent treatment with b-galactosidase, indicating a linkage between galactose and sialic acid at the terminus of glycan chains. This work indicates the importance of sialic acids in the protection of penultimate sugar residues of glycoproteins in EPS, and provides basis for future research in the composition of EPS from biofilms and granular sludge.
Sialic acids in the extracellular polymeric substances of seawater-adapted aerobic granular sludge
Introduction
Aerobic granular sludge (AGS) is an upcoming technology for wastewater treatment, capable of simultaneously removing organic carbon, nitrogen, and phosphorus in a single process unit (De Kreuk et al., 2005a; Yilmaz et al., 2008; Pronk et al., 2015) . The sludge granules consist of bacteria embedded in a matrix of extracellular polymeric substances (EPS) (Seviour et al., 2009; Lin et al., 2010) . Besides providing a structural matrix in which cells can grow, EPS also serve as a protection against adverse conditions in the bulk liquid (Sutherland et al., 2001; Wang et al., 2007) . EPS are found in all kinds of granular sludge, and a multitude of properties and compositions have been described as a result of different operating conditions (McSwain et al., 2005; Sheng et al., 2010) .
The application of AGS technology in saline wastewater treatment has been reported before (Figueroa et al., 2008; Pronk et al., 2014; Corsino et al., 2016) . Saline wastewater originates from many sources such as sea water (either due to intrusion in sewer networks or due to application of seawater flushing), industrial wastewaters such as from fish canning industries, effluent from mining and mineral processing industries (Lefebvre and Moletta, 2006) . Adaptation of AGS to high salinity leads to a change in EPS composition, e.g. higher protein fractions have been reported (Corsino et al., 2017) , as well as an increase in hydrophobicity (Wang et al., 2015) . Higher concentrations of EPS have been found as a response to growth in saline conditions (Campo et al., 2018) . These studies have mainly focused on quantification of carbohydrates and proteins in the EPS by using colorimetric methods. It is noted that not all carbohydrates can be measured with those most commonly used methods. For instance, sialic acids have a low response factor for colorimetric methods such as anthrone assay and phenol sulfuric acid assay, so these sugars cannot be detected and quantified by these methods (Masuko et al., 2005; Le Parc et al., 2014) .
Sialic acids are a group of special carbohydrates with a ninecarbon backbone. The most common member is N-acetylneuraminic acid (Neu5Ac), which has been observed on the surface of both mammalian cells and pathogenic bacteria (Severi et al., 2007) . Sialic acids play important role in the stabilization of molecules and membranes, as well as in modulating interactions with the environment. They can also protect molecules and cells from attack by proteases or glycosidases, extending their lifetime and function (Varki and Schauer, 2009 ). Information of sialic acids' presence in the EPS of aerobic granules and their function in AGS is significantly important to understand their role in maintaining the stability of granular sludge.
Since sialic acids might be overlooked due to the detection limitation of commonly used colorimetric methods, more effective methods to study EPS components and their specific function are required to provide greater insight into the nature of AGS.
One of the proven effective methods for EPS glycoconjugates analysis is fluorescence lectin bar-coding (FLBC) (Neu and Kuhlicke, 2017) . These lectins can bind to specific carbohydrate regions, allowing for screening of glycoconjugates in a hydrated biofilm matrix. This method has been successfully applied for analysis of saline anaerobic granular sludge (Gagliano et al., 2018) . Carbohydrates were found to be present as glycoconjugates, with sugar residues including mannose and N-acetyl-galactosamine. Other studies described mannosyl, glucosyl, and N-acetyl-glucosamine residues in anaerobic granular sludge (Bourven et al., 2015) . Interestingly, these sugars are often in conjunction with sialic acids, which is similar as commonly found glycoconjugates in the mucin matrix in animals, (Hilkens et al., 1992; Bennett et al., 2012) . Lectin staining studies for sialic acids have been described in biofilms before, but a detailed study on their position and function has not yet been conducted (Mlouka et al., 2016) .
In this study, glycoconjugates within EPS from seawateradapted AGS were analysed using lectin staining methods. A genome analysis was performed on the major species that were found in this sludge, to screen for putative production pathways for sialic acids. Selective removal of sugar residues from whole granules have been performed to give insight into the function of sialic acids in granular sludge. A discussion is added about the evolutionary benefit for producing sialic acids in a granular sludge system.
Materials & methods

Reactor operation and dominant microorganisms
Reactor operation
Seawater-adapted aerobic granular sludge was cultivated in a 2.7 L bubble column (5.6 cm diameter), operated as a sequencing batch reactor (SBR). The reactor was inoculated with Nereda ® sludge from wwtp Utrecht, the Netherlands, treating municipal wastewater. The temperature was controlled at 20 C. The pH was controlled at 7.0 ± 0.1 by dosing either 1 M NaOH or 1 M HCl. The dissolved oxygen (DO) concentration was controlled at 3.7 mg/L O 2 (50% saturation). The average sludge retention time (SRT) was 20 ± 2 days. Reactor cycles consisted of 60 min of anaerobic feeding, 170 min aeration, 5 min settling and 5 min effluent withdrawal. The feed of 1.5 L per cycle consisted of 1200 mL of artificial seawater (Instant Ocean ® , final concentration 35 g/L), 150 mL of medium A, and 150 mL of medium B. Medium A contained 57.2 mM sodium acetate trihydrate. Medium B contained 42.8 mM NH 4 Cl, 4.2 mM K 2 HPO 4 , 2.1 mM KH 2 PO 4 , and 10 mL/L trace elements solution (Vishniac and Santer, 1957) . The combination of these feed streams led to influent concentrations of 366 mg/L COD, 60 mg/L NH 4 þ -N and 9.3 mg/L PO 4 3--P. Electrical conductivity of the influent equaled 40 mS cm À1 .
Samples were taken from the reactor every 30 min during aeration, and filtered through a 0.45 mm PVDF filter. Acetate and phosphate concentrations were measured by using a Thermo Fisher Gallery Discrete Analyzer (Thermos Fisher Scientific, Waltham, USA).
Dominant microorganisms visualization by fluorescence in situ hybridization (FISH)
The handling, fixation and staining of FISH samples was performed as described in Bassin et al. (2011) . A mixture of PAO462, PAO651, and PAO846 probes (PAOmix) were used for visualizing polyphosphate accumulating organisms (PAO) (Crocetti et al., 2000) . A mixture of GAOQ431 and GAOQ989 probes (GAOmix) were used for visualizing glycogen accumulating organisms (GAO) (Crocetti et al., 2002) . A mixture of EUB338, EUB338-II and EUB338-III probes were used for staining all bacteria (Amann et al., 1990; Daims et al., 1999) . Images were taken with a Zeiss Axioplan 2 epifluorescence microscope equipped with filter set 26 (bp 575e625/FT645/bp 660e710), 20 (bp 546/12/FT560/bp 575e640), 17 (bp 485/20/FT 510/bp 5515e565) for Cy5, Cy3 and fluos respectively.
Sialic acid visualization and quantification
Sialic acid lectin staining
The granules were stained and mounted in coverwell chambers with a 1 mm spacer in order to avoid squeezing of the samples. Glycoconjugates of the granules were examined by means of fluorescence lectin bar-coding. Thus all commercially available lectins (FITC or Alexa488) were applied as an individual probe to one granule. After this glycoconjugate screening, granules were stained specifically for proteins and subsequently with sialic acid specific lectins. Protein stain solution (Sypro red) was directly put on top of the granules. After 3 h' incubation, the sample was washed two times with tap water, and stained with sialic acid specific lectin solution for 1 h. A total of 77 lectins were used for screening of glycoconjugates (Bennke et al., 2013) . The binding sites of the lectins that gave the strongest signal are listed in Table 1 . Then the sample was washed with tap water for three times. For 3D imaging a TCS SP5X confocal laser scanning microscope (Leica, Germany) was employed. The upright microscope was equipped with a super continuum light source and controlled by the software LAS AF 2.4.1. The confocal datasets were recorded by using 25x NA 0.95 and 63x NA 1.2 water immersion lenses. Excitation was at 490 nm and 550 nm. Emission signals were detected simultaneously or sequentially with two photomultipliers from 505 to 600 nm (lectins) and 600e700 nm (Sypro red). Image data sets were projected using Imaris version 9.1.2 (Bitplane, Switzerland). For deconvolution of the image dataset in Fig. 3 the program Huygens version 18.4 (SVI, The Netherlands) was used.
Sialic acid quantification
Quantification of sialic acids (N-acetylneuraminic acid, Neu5Ac) in the seawater-adapted AGS was performed with a Sialic Acid Quantitation Kit (Sigma-Aldrich, USA). Granules were physically crushed and homogenized without disrupting cells, similar to sludge handling for FISH fixation as described in Bassin et al. (2011) . Afterwards the crushed granules were washed with Tris-HCl buffer (pH 7.5) and resuspended in demineralized water (15 mg volatile solids granules per 5 mL final volume). The protocol was followed as described in the manual supplied with the quantitation kit for a whole cell assay. 80 mL of homogenized cells were mixed with 20 mL sialidase buffer and 1 mL of a(2 / 3,6,8,9)-neuraminidase, and incubated overnight at 37 C. Afterwards, 20 mL 0.01 M b-NADH solution, 1 mL of N-acetylneuraminic acid aldolase and 1 mL of lactic dehydrogenase were added, and incubated at 37 C for 1 h. Absorbance at 340 nm was measured prior and after addition of the last enzymes, and used for calculation of the Neu5Ac concentration. Standards were prepared with Neu5Ac from the same quantitation kit.
Genome analysis of enzymes for sialic acid synthesis
Forty-eight available metagenome sequences of Candidatus Accumulibacter enrichments were obtained from JGI IMG database (listed in Table 2 results). These metagenomes were compared with protein sequences of enzymes from known sialic acid synthesis pathways, obtained from the NCBI protein database. The species from which the reference protein sequences were taken were a range of pathogenic bacteria (Neisseria meningitides, Campylobacter jejuni, Helicobacter cetorum, Photobacterium damselae), extremophiles (Chitinivibrio alkaliphilus, Psychrobacter arcticus, Salinibacter ruber, Halanaerobium praevalens), and the common fruit fly (Drosophila melanogaster). BLASTp was performed using the on-line BLASTp tool by JGI IMG. Alignment was performed according to the algorithm as described in Altschul et al. (1997) and Sch€ affer et al. (2001) . Lower E-values indicate a lower uncertainty in the presence of certain sequences. Values lower than 5E-25 were set as threshold for positive results (Petit et al., 2018) . 2.4. Function of sialic acids in seawater-adapted aerobic granular sludge 2.4.1. Galactose removal tests Granules were taken directly from the lab-scale seawater-fed reactor, and washed by placing them in distilled water for 2 h. Equal numbers of granules were distributed over 2 Eppendorf tubes, and mixed with 400 ml distilled water and 100 ml sialidase buffer. To the first tube, 5 ml neuraminidase enzyme was added; to the second tube, 5 ml distilled water was added. Both Eppendorf tubes were incubated overnight at 37 C. Afterwards, the supernatant from both tubes was discarded, and replaced with 450 mL 1x PBS buffer (pH 7.4) and 50 ml b-galactosidase (Roche Diagnostics GmbH, Mannheim, Germany), and incubated overnight at 37 C. Subsequently, the supernatant was collected from both tubes, and their galactose content was measured with High-Performance Anion-Exchange Chromatography Coupled with Pulsed Electrochemical Detection (HPAEC-PAD).
FT-IR analysis
The Fourier transform infra-red (FT-IR) spectrum of granular sludge was recorded on a FT-IR Spectrometer (Perkin Elmer, Shelton, USA) at room temperature, with a wavenumber range from 750 cm À1 to 4000 cm À1 . The spectra of granules with and without neuraminidase treatment were normalized at 1630 cm À1 .
Results
Reactor operation and dominant microorganisms
Seawater-adapted aerobic granular sludge was taken from a labscale reactor, performing complete removal of COD (acetate) and phosphate. The reactor was inoculated with Nereda ® sludge and it took 8 weeks to reach a stable state as observed from an identical cycle-to-cycle behavior in the online (pH and off-gas) measurements. The reactor was sampled for EPS analysis after operating in stable conditions for three SRTs. The performance of a typical reactor cycle is shown in Fig. 1 . Acetate was completely consumed anaerobically within the first 60 min of the cycle, while phosphate was released up to 75 mg PO 4 3--P/L (5.9 net P-mol release). This corresponds to 0.34 P-mol/C-mol of anaerobic phosphate release per carbon uptake, which is in range of values for freshwater labscale AGS and only slightly lower than reported for enriched cultures of Ca. Accumulibacter phosphatis (Schuler and Jenkins, 2003; De Kreuk et al., 2005b; Welles et al., 2015) .
Fluorescence in situ hybridization (FISH) analysis was performed for analysing the relative amounts of polyphosphate accumulating organisms (PAO) and glycogen accumulating organisms (GAO). Large numbers of PAO were observed in the seawateradapted aerobic granular sludge, while GAO-specific probes gave no fluorescent signal in the sludge (Fig. 2a ). Distinct and uniform PAO cells were distinguished, and seen in clusters of cells (Fig. 2b) .
These results indicate dominance of PAO over GAO in the system.
Sialic acid visualization and quantification
Sialic acid lectin staining
In granular sludge, microorganisms are organized as microcolonies embedded in the EPS. EPS consists of proteins, polysaccharides, glycoproteins and other substances such as lipids and DNA (Lin et al., 2018) . Fluorescently labelled lectins have been widely used to stain extracellular glycoconjugates in various biofilm and sludge (Mlouka et al., 2016) . In the current research, to visualize the glycoconjugates in granular sludge 77 different lectins were used for screening (Bennke et al., 2013) . From these lectins the LFA lectin gave the strongest signal. A layer of glycoconjugates containing sialic acids on the surface of granular sludge was visualized ( Fig. 3) . As LFA binds to sialic acids at the termini of the glycan chains of glycoproteins (Cohen et al., 2012) , this is an indication that sialic acids are present in the granular sludge associated to glycoproteins (sialoglycoproteins).
To study the distribution of sialic acids inside a granule and investigate if they are associated to glycoproteins, granules were sliced and double stained. The granules were first stained by a protein-specific fluorochrome and then with one of four different sialic acid specific binding lectins (Fig. 4 ). All four lectins (HMA, MAA, PSL and WGA) gave a strong signal, implying sialic acids are widely distributed in granular sludge. Sialic acid signals originate from both the bacterial cell surface and the extracellular matrix. Interestingly, the locations where lectins for sialic acid stained were overlapping with areas where proteins were visualized. This strongly suggests that the glycan chains containing sialic acids bond to proteins as glycoproteins. This is also in line with the specificity of the lectins MAA and PSL: sialic acids binding to those two lectins are positioned as the terminal sugar residue of glycan chains of glycoproteins. In addition, the fact that binding with both MAA and PSL lectins means the link between sialic acids and the penultimate sugar might be a(2 / 3) linkage and/or a(2 / 6) linkage (Geisler and Jarvis, 2011; Kadirvelraj et al., 2011) . This information of the linkage is important to choose enzymes for sialic acids quantification.
Sialic acid quantification
The result of lectin staining showed that sialic acids are abundantly distributed in granular sludge, and the linkage between sialic acids and the penultimate sugar could be an a(2 / 3) and/or a(2 / 6) linkage. Thus, neuraminidase, which cleaves N-acetylneuraminic acid (Neu5Ac), the most widespread form of sialic acids, was applied for sialic acid quantification. This enzyme specifically cleaves Neu5Ac that is a(2 / 3,6,8,9) linked to the penultimate sugar in the glycan chain. Subsequent quantification yields an amount of 11.33 ± 3.80 mg N-acetylneuraminic acid (Neu5Ac) per gram of volatile solids (VS) (1.1%). Although the presence of sialic acids has been indicated by lectin staining in biofilms (Mlouka et al., 2016) , information of their amount is hardly found. In comparison, the normal range for sialic acids in human serum is 0.9e1.4% (weight percentage) (O'Kennedy, 1988).
Genome analysis
The successful cleavage of Neu5Ac raises the question which microorganisms in granular sludge could produce sialic acids. From FISH analysis, PAO are the dominant microorganisms in the granular sludge (Fig. 2) . Therefore, the potential of sialic acid (Neu5Ac) synthesis by PAO was assessed by means of in silico genome analysis.
As shown in Fig. 5 , in the metabolic pathway of Neu5Ac, GlcNAc-6-phosphate is epimerized to ManNAc-6-phosphate by GlcNAc-6-P 2-epimerase. The phosphate groups gets removed to form ManNAc, and Neu5Ac is formed by using phosphoenolpyruvate (PEP), catalysed by Neu5Ac synthetase. The active form CMP-Neu5Ac is catalysed by CMP-Neu5Ac synthetase. This form is finally added to acceptor substrates by sialyl transferase. These key enzymes for Neu5Ac production were analysed with BLASTp on metagenomes of Ca. Accumulibacter, which is the dominant PAO in the system. Since Ca. Accumulibacter has not yet been isolated in a pure culture, 48 available metagenomes were used in the analysis, which increases accuracy by covering a broad range of clades.
Very low E-values (<1E-100) were found for GlcNAc-6-P 2epimerase and Neu5Ac synthetase from enzymes from all tested reference species (Table 2) . Part of the analysed Ca. Accumulibacter metagenomes contained genes that were annotated for Neu5Ac synthetase from C. alkaliphilus, D. melanogaster, S. ruber. CMP Neu5Ac synthetase from C. jejuni and H. cetorum were also annotated in some Ca. Accumulibacter metagenomes. CMP Neu5Ac synthetase from both C. jejuni and H. cetorum gave higher E-values than GlcNAc-6-P 2-epimerase and Neu5Ac synthetase, but were still in good range of 1E-40~1E-50. Sialyl transferase from Halanaerobium praevalens gave two very low Evalues of <1E-100 and three E-values that are around 1E-20. The sialyl transferase from P. damselae gave E-values at around 1E-401 E-50. Overall, the enzymes from the Neu5Ac production pathway show low E-values (<1E-40) during in silico genome analysis on Ca. Accumulibacter. These results indicate that there is high probability that Ca. Accumulibacter possesses genes that can be transcribed into enzymes that are involved in the synthesis of Neu5Ac.
Function of sialic acids in seawater-adapted aerobic granular sludge
Galactose removal tests
Sialic acids are commonly found in chains of sugars as the terminal residue, rather than directly bound to proteins (Schauer et al., 1984) . In line with the specificity of MFA, LFA, and PSL lectins for linkage between sialic acid and galactose (Fig. 4) , the shielding effect of sialic acids to underlying galactose residues was analysed.
Whole granules were treated first with neuraminidase and subsequently with b-galactosidase, to selectively cleave off sialic acids and galactose residues, respectively. After this procedure, a galactose peak was measured by HPAEC-PAD analysis, corresponding to a total of 0.37 mg/L galactose (Appendix A). Granules that were treated with only b-galactosidase, and still have sialic acids in the outer layer of their EPS, did not result in a galactose peak in the chromatogram. There was a slight shift in retention time between pure galactose reference samples (7.5 min) and the observed peaks in our samples (7.8 min). Enzyme-treated samples that were spiked with galactose also showed an increased peak height at 7.8 min. Along with the specificity of used b-galactosidase, this indicates that the measured peaks indeed correspond to galactose. These results imply that sialic acids in the outer layer of granular sludge are bound to galactose, and can play a role in protecting galactose from enzymatic hydrolysis. Cleavage of sialic acids from the granules was verified by FT-IR analysis (Fig. 6) . After neuraminidase treatment, the sharp peak at 1730 cm À1 , which is assigned to eCOOH groups changed to a shoulder peak. Also the intensity of the peak at 1000e1200 cm À1 (C-O-C bond in carbohydrates) was decreased. The change of the spectrum is due to the removal of sialic acids, which have eCOOH groups and are linked with the penultimate sugar by C-O-C bond (Bonnin et al., 1999; Bramhachari et al., 2007; Lin et al., 2010) . Due to the fact that neuraminidase only removed part of the sialic acids, Fig. 5 . Pathway of bacterial Neu5Ac metabolism with its respective key enzymes: a. GlcNAc-6-phosphate 2-epimerase, b. Neu5Ac synthetase, c. CMP-Neu5Ac synthetase, d. Sialyl transferase. Adapted from Angata and Varki (2002) .. Fig. 6 . FT-IR spectrum of aerobic granular sludge after neuraminidase treatment (grey line) and without neuraminidase treatment (black line). a) Full spectrum from 4000 cm À1 to 750 cm À1 ; b) Part of the same FT-IR spectrum as a., but zoomed in on the region between 2000 cm À1 and 750 cm À1 . the remaining part is still present as a shoulder peak at 1730 cm À1 . Moreover, the removal of sialic acids resulted in the extension of protein side chain (increase of the peak intensity at 1560 cm À1 ), and the exposure of the penultimate sugar (-CH 2 from C6 sugar with the peak intensity increase at 1450 cm À1 and 1370 cm À1 ), which is in agreement with the masking function of sialic acids to the molecules and glycoproteins (Andr e et al., 2015) .
Discussion
4.1. Sialoglycoproteins found in the extracellular polymeric substances in seawater-adapted aerobic granular sludge Sialic acids are unique nine-carbon sugars. They play significant roles in many biological processes of animals and humans, both in the state of healthy cells and tissue (e.g. recognition, ion transport, differentiation) and in many important diseases (e.g. cancer, autoimmune diseases) (Traving and Schauer, 1998) . The presence of sialic acids in biofilms has been reported, however, information concerning their function and binding site in biofilms is hardly found.
This paper provides the first evidence for the presence of sialoglycoproteins in aerobic granular sludge. Lectin staining of sialic acids and protein staining have significant overlapping in the locations of their respective fluorescent signal (Fig. 2) . Binding with specific lectins (MAA, HMA, PSL and WGA) provides indications that sialic acids locate at the termini of carbohydrate chains of glycoproteins. The penultimate sugar might be galactose or Nacetyl galactosamine.
The presence of glycoproteins in biofilms has occasionally been described, such as in marine biofilms (Ortega-Morales et al., 2007) and full-scale anaerobic granular sludge (Bourven et al., 2015) . Interestingly, presence of glycoconjugates has also been found in saline lab-scale anaerobic granular sludge (Gagliano et al., 2018) . The major sugar monomers reported were mannose and N-acetyl galactosamine (GalNAc), which is commonly found in conjunction with sialic acids in mammalian glycans and glycolipids (Bennett et al., 2012; Dalziel et al., 2014) .
Most bacteria are not described to produce sialic acids (Angata and Varki, 2002) . When present, sialic acids are found mostly in capsular polysaccharides and lipopolysaccharides, instead of in glycoproteins. Unlike the situation in animal glycoconjugates, the sialic acids in these bacterial polysaccharides mostly exist as internal residues, rather than terminal residues (Angata and Varki, 2002) . However, in the current research, sialic acids are present as sialoglycoproteins, similar to animals. Therefore, the wide distribution of sialoglycoproteins over the granular structure implies not only the importance of glycoproteins, but also a specific function of sialic acids.
Function of sialic acids
Functionality of sialic acids has frequently been discussed in line of pathogenic bacteria (Severi et al., 2007) . Sialylation of the cell surface can modify the interaction with the host, and increase resistance against normal human serum (Bouchet et al., 2003; Vimr et al., 2004) . In the current research, sialic acids have now also been found in non-pathogenic bacteria, which would imply a wider range of functions.
Sialic acids show remarkable structural diversity, with the family currently comprising over 50 naturally occurring members. The diversity of sialic acids is reflected by its involvement in a variety of biological functions, many stemming from its unique physical and chemical properties, such as charge and size. The carboxylate group of sialic acid can give a net negative charge, allowing for binding of calcium cations, which is known to be contributing to the stability of aerobic granular sludge (Schauer, 1985; Lin et al., 2013) . In addition, sialic acids are nine-carbon sugars, so they have a much bigger size than fine-carbon sugars (e.g. xylose) and six carbon sugars (e.g. glucose) (Varki and Schauer, 2009) . Staying on the terminal position in carbohydrate chains, sialic acids can mask penultimate galactose residue and shield it from recognition by b-galactosidases (Traving and Schauer, 1998) . It has been found that after the loss of sialic acids, galactose molecules and cells can be bound, or can even be taken up and degraded by naturally occurring proteases (Daley et al., 2008; Varki and Schauer, 2009 ). This phenomenon has been most extensively studied with serum glycoproteins and blood cells (Karacali, 2017) .
In the current research, it is observed that removal of sialic acids from the outer layer of granules results in the hydrolysis of galactose by b-galactosidase, while galactose was not cleaved off without removing sialic acids. This not only shows that sialic acids are linked to galactose, but most importantly indicates that sialic acids play an important role in maintaining the stability of the sugar chain in the EPS of granules by masking penultimate galactose residues. Once sialic acids are removed, the sugar chain is prone to degradation, resulting to the instability of the sialoglycoproteins and the EPS matrix in the end. In comparison, in mammalian tissue, sialic acids are involved in the stability, turnover und function of glycoproteins (Hanisch et al., 2013) . Therefore, the function of sialic acids in granules might resemble that in mammalian tissue.
Evolutionary importance of sialic acids in granular sludge
Resemblance between bacterial and mammalian sialic acid structures and function can also give great insight into the evolutionary benefits. Presence of sialic acids is usually found in pathogenic bacteria, where it is proposed to make the cell walls of the pathogens resemble more the glycocalyx of its host. This would make these cells less detectable for the immune system of the host (Schauer, 1985; Severi et al., 2007; Kajiwara et al., 2010) . Granular sludge generally does not contain a significant fraction of pathogens (Winkler et al., 2013) . An important similarity between these types of bacterial communities is the necessity of biofilm formation for their survival. Granular sludge is cultivated in an environment that simulates aggregation, while pathogenic bacteria depend on adhesion to their host environment for successful infection. The presence of sialic acids could therefore be a result of requirement for stable adhesion and recognition, not only for pathogens, but also for bacterial aggregates in general.
Production pathways of sialic acids in bacteria have been frequently studied (Angata and Varki, 2002; Lewis et al., 2009) . A link with the granular sludge microbiome has never been made in literature. The genome analysis that was performed in this study gives a positive indication for a putative production of sialic acids by Ca. Accumulibacter in aerobic granular sludge. A general evolutionary benefit for sialic acid production for adhering bacteria is proposed. Similarly to both Ca. Accumulibacter in aerobic granular sludge and pathogenic bacteria, the presence of sialic acids would be expected for other types of adhering bacteria as well. Sialic acids could be more widely present than was previously described in literature.
In the current research, the presence of sialic acids is only studied in saline aerobic granular sludge. It is interesting to examine a broad range of biofilm sample under different conditions (e.g. flocculent sludge, granular sludge, biofilm on carriers under saline and non-saline conditions) to explore if sialic acids present in different environmental samples and what function do they involve in. To this end, it is possible to understand comprehensively the biological roles of sialic acids in prokaryotes.
Challenge of sialic acids identification and quantification in environmental samples
The sialic acid family comprises more than 50 natural derivatives of neuraminic acid. Unsubstituted neuraminic acid does not occur in nature. The amino group of neuraminic acid is substituted either by an acetyl or glycolyl residue, and the hydroxyl groups may be methylated or esterfied with sulfate, phosphate, acetyl or lactyl groups. Sometimes several of these substituents are present in one sialic acid molecule. Sialic acids are the only natural sugars to show this great variety (Schauer et al., 1984) .
In addition, a number of other nonulosonic acids are described in proteobacteria among which the 5,7-diamino-3,5,7,9tetradeoxy-D-glycero-D-galacto-nonulosonic acid (legionaminic acid (Leg)) and the 5,7-diamino-3,5,7,9-tetradeoxy-L-glycero-Lmanno-nonulosonic acid (pseudaminic acid (Pse)), which show structural, biosynthetic and functional similarities to sialic acids (Goon et al., 2003; McNally et al., 2007) . Therefore, besides natural derivatives of sialic acids, the existence of bacterial sialic acids (e.g. Leg and Pse) contributes to the complexity of sialic acid family identification in environmental samples.
Enzymatic sialic acid quantification method is limited by the recognition of sialidase. If due to the existence of substituents in bacterial sialic acids, the sialidase could not recognize the structure, the result of enzymatic quantification will underestimate the amount of sialic acid in granular sludge or other biofilm systems. Therefore, more specific analytical methods (e.g. mass spectroscopy) which could identify different sialic acid species need to be adjusted towards bacterial sialic acids (Shah et al., 2013) .
Conclusions
-Sialic acids are discovered and widely distributed in seawateradapted aerobic granular sludge, both on the bacterial cell surface and the extracellular matrix -Sialoglycoproteins, with sialic acids as the terminal sugar residue of glycoproteins, are components of the extracellular matrix -Ca. Accumulibacter in seawater-adapted aerobic granular sludge likely contains genes that encode for enzymes that are responsible for sialic acid metabolism -Sialic acids that are located in the outer layer of the extracellular matrix function as a shield protecting the underlying sugar chain from degradation
